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In this issue of Structure, Jin et al. (2007) report the structure of Schizosaccharomyces pombe AMPK
embracing two moles of ADP by its g subunit. This structure highlights the complexity of AMPK
regulation across eukaryotes and challenges the regulatory dogma.Energy metabolism has been the cra-
dle of understanding for many power-
ful concepts in biology, with AMP-
phosphorylase-b being the first exam-
ple of enzyme allosteric control and
the first enzyme controlled by revers-
ible phosphorylation, and phosphory-
lase catalyzed glycogenolysis the first
example of regulation by a hormone
second messenger system (cyclic
AMP/calcium). As far back as 1980 it
was recognized that AMP regulated
protein kinase(s) capable of phosphor-
ylating acetyl CoA carboxylase and
HMG CoA reductase could be part of
a metabolic stress-sensing regulatory
system responsive to cellular nucleo-
tide levels (Yeh et al., 1980). When
AMPK was eventually sequenced it
was found to be a homolog of the Sac-
charomyces cerevisiae protein kinase
SNF1, previously identified genetically
as a regulator of gene transcription in
response to glucose starvation (Cele-
nza and Carlson, 1986). Both yeast
and mammalian AMPKs are heterotri-
meric enzymes comprising an a cata-
lytic subunit and b and g regulatory
subunits (Figure 1A). Further, theb subunit contains a glycogen-binding
domain (GBD) and the g subunit con-
tains 4 repeat sequences (CBS) that
form a pair of Bateman domains re-
sponsible for nucleotide binding. All
eukaryotes contain homologs of these
proteins, but the number of subunit
genes varies between organisms. Mu-
tations in g genes have been linked to
glycogen storage diseases in pigs
and humans. Studies, particularly in
mammals, have shown that AMPK is
involved in all facets of energy metab-
olism impinging on gene transcription,
protein synthesis, lipid and carbo-
hydrate metabolism, as well as mito-
chondrial biogenesis at the cellular
level and food intake at the whole
body level (Hardie, 2007). In addition
to energy expenditure (exercise),
many hormones and a variety of drugs
have been found to activate AMPK sig-
naling pathways (Hardie, 2007). In-
deed, the concept has emerged that
AMPK is involved in linking energy
metabolism to many if not all physio-
logical processes and may be central
to the health benefits of diet and
exercise.Structure 15, October 2007 ª2The burning questions for structural
biologists have been: what is the ar-
chitecture of the AMPK abg hetero-
trimer and how is it regulated by
changes in cellular nucleotide levels?
Three groups have now provided
a cascade of protein crystal struc-
tures that reveal the architecture of
the core subunit interaction complex
and show the nature of nucleotide
binding (Amodeo et al., 2007; Jin
et al., 2007; Townley and Shapiro,
2007; Xiao et al., 2007). The Townley
S. pombe AMPK structure (Townley
and Shapiro, 2007) was the first to
show the complete g subunit com-
plexed with the noncatalytic C-termi-
nal fragment of a and the C-terminal
fragment of b. The b fragment for-
ms a b sheet structure that acts as
a subunit binding sequence (ag-
SBS, green) for both a (blue) and g
(red) subunits (Figures 1B and 1C).
This basic architecture is conserved
in both the S. cerevisiae and mamma-
lian homologs (Amodeo et al., 2007;
Xiao et al., 2007) although the new
structures provide additional revela-
tions. Therefore, these structures007 Elsevier Ltd All rights reserved 1161
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(A) Mammalian AMPK subunits showing regions of shared known structure are shown (colored
cylinders). Numbers above a and b subunit cylinders denote N- and C-terminal residues of crystal
structures. Light blue cylinder in a sequence denotes insert from S. cerevisiae structure and may
not be represented in mammalian AMPK. AIS, autoinhibitory sequence; b-SID, b subunit interact-
ing domain. Residues that form H bonds with nucleotide 20, 30 ribose hydroxyl groups are shown
above the g subunit cylinder.
(B) Graphical representation of combined features from the mammalian AMPK heterotrimer and
yeast orthologs: a subunit structures (regulatory sequence from S. cerevisiae [RS] and mammalian
b-SID) in blue, b subunit structures (GBD from S. cerevisiae and ag-subunit binding sequence
(SBS) from S. pombe) in green, mammalian g subunit structure in red. Three AMP molecules
evident in the mammalian AMPK structure and one ADP molecule seen in the S. pombe structure
are shown in stick representation.
(C) A 90 rotation of (B).
(D) Detailed view of mammalian AMPK g subunit structure illustrating nucleotide binding sites
named according to their CBS sequences (viewed from the side interacting with the GBD). AMP
molecules occupying sites 1, 3, and 4, with an ADP molecule from the S. pombe structure
occupying site 2. Previous site names are listed in parentheses.can now be analyzed and species-
specific features can be distinguished
from features likely to be common ar-
chitecture to all AMPKs. In terms of
the b subunit the S. cerevisiae struc-
ture shows GBD nestled along side
g near the bg binding junction, which
is likely to be a canonical architectural
feature. On the other hand, the next
visible section of the S. cerevisiae
b structure is a helix on top of the
a subunit interaction domain (SID),
likely a species-specific feature since
the S. cerevisiae b sequence has an
insertion in this position whereas the
S. pombe structure has a small loop
(green) (Figure 1B), which we also
expect in mammalian b structures.
Additionally, a larger fragment of the1162 Structure 15, October 2007 ª2007S. cerevisiae a subunit was crystallized,
which extends the available structure
by approximately 30 residues. It is
now clear that the a backbone ex-
tends from the a subunit interaction
domain down over the g subunit to
a helix-loop-helix structure (blue).
While Amodeo and coworkers (Amo-
deo et al., 2007) refer to this as the
S. cerevisiae regulatory sequence
(RS), there is uncertainty whether
this will be found in the mammalian
a subunit structure as S. cerevisiae
and S. pombe both have an insert se-
quence in this region, depending on
how the alignments are done. Trunca-
tion mutagenesis has positioned the
autoregulatory sequence in mamma-
lian a subunit at residues 313–335Elsevier Ltd All rights reserved(Hardie, 2007). This sequence region
is reasonably conserved, albeit lo-
cated some 50 residues N-terminal
to the S. cerevisiae helix-loop-helix
motif (Figure 1B). Overall there are
approximately 110 common residues
between the known C-terminal a
structure and the N-terminal kinase
catalytic domain (Figure 1A). This is
an important gap in our knowledge as
it is essential for understanding the
juxtaposition of the catalytic domain
(Rudolph et al., 2005) and location of
the autoinhibitory sequence.
In addition to the new architectural
vista provided by the S. cerevisiae
structure (Amodeo et al., 2007), the
S. pombe (Jin et al., 2007) and mam-
malian (Xiao et al., 2007) structures
provide arresting new insights into
the nucleotide binding pockets. No
one structure yielded the whole story;
both structures provide complemen-
tary information as well as raise further
puzzles. The new emerging view is that
there are four nucleotide-binding sites
within the g subunits, not two as previ-
ously thought.
In mammalian enzyme only two of
these sites readily exchange with ATP/
AMP (Xiao et al., 2007). All four sites
are located between pairs of adjacent
helix-loop-strands with an Asp residue
from one a-helix positioned to bind
the nucleotide 20, 30 ribose hydroxyl
residues, except for site 4 where due
to an Asp-to-Arg substitution in a-helix
Asp is contributed from a nearby b sub-
unit loop hanging over the g site 4 (Fig-
ures 1A and 1B). The adenine rings are
sandwiched between b strands but-
tressed by a variety of hydrophobic in-
teractions. All four nucleotide-binding
sites have phosphate groups pointing
like fuel rods toward the g core contain-
ing a constellation of basic residues
(Figure 1D). The mammaliang structure
shows a high degree of connectivity
with these electrostatic interactions in-
volving His and Arg residues and rear-
rangements in the interactions depend-
ing on whether AMP (activating) or ATP
(inhibitory) is bound. The basic residue
side chain rearrangements provide
some pointers to what may be occur-
ring during enzyme activation, but we
do not have a picture yet on how this
is transduced to the catalytic domain.
Interestingly, in the mammalian g
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Previewssubunit nucleotide binding site 4 is un-
occupied while sites 1, 2, and 3 have
nucleotides bound. Unforeseen, mam-
malian g contains a nonexchangeable
AMP bound to site 3 (Xiao et al., 2007)
equivalent to the position of AMP in
the initial S. pombe structure (Townley
and Shapiro, 2007) (now site B in S.
pombe g, Jin et al., 2007). Either AMP
or ATP occupies sites 1 and 2. As noted
above, site 4 differed from the other
three sites by the absence of a con-
served Asp residue positioned to bind
the nucleotide ribose, and it appeared
this site may be nonfunctional in the
mammalian enzyme (Figure 1A).
In the new S. pombe g structure
there are two ADPs bound, one oc-
cupying the original AMP site and
one occupying site 4 (Jin et al., 2007).
Remarkably the second ADP binds to
site 4 because Asp side chain is con-
tributed from the S. pombe b subunit.
The corresponding segment of mam-
malian b also contains an Asp but the
structure of this region is disordered
and it is not clear whether site 4 in
mammalian g could accommodate
a nucleotide by an analogous mecha-
nism. Since no biochemical studiesWhen One Prote
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In this issue of Structure, the hig
Paspaleva et al. (2007) provides
repairs UV-induced DNA damage
a path for DNA binding and prov
Protection of the genetic information
from radiation damage has been a
challenge since early in evolution. Not
surprisingly, several strategies have
evolved to repair radiation-induced
DNA damage (Friedberg et al., 2006).
Often, more than one repair mecha-
nism is present within the same organ-have been done on the S. pombe
AMPK, there is no information on
whether nucleotide binding affects en-
zyme activity. Mammalian AMPK was
once thought to be ADP dependent
until contaminating AMP was identi-
fied as the genuine activator. It would
be an ironic twist if S. pombe AMPK
turns out to be ADP regulated after
all. The new insights gained from the
S. pombe and mammalian g structures
now provide an important precedent
for understanding the function of the
many other proteins containing CBS
sequences (Scott et al., 2004). In gen-
eral, in terms of nomenclature and the
future of the field, it seems reasonable
to number the nucleotide sites accord-
ing to the CBS sequence order now
that there are binding sites derived
from each CBS sequence. We there-
fore recommend the following assign-
ment to be used when referring to nu-
cleotide binding sites: Site 1 (CBS1,
previously site 2 [Xiao et al., 2007]),
Site 2 (CBS2, previously site 4 [Xiao
et al., 2007] and A [Jin et al., 2007]),
Site 3 (CBS3, previously site 1 [Xiao
et al., 2007] and B [Jin et al., 2007]),
and Site 4 (CBS4, previously site 3in Does the Job o
iomedicine, Institute for Structural Biology, U
.uni-wuerzburg.de
h-resolution structure of the ultra
the first glimpse at a third DNA re
. The surprising structural homolo
ides insights into DNA hydrolysis.
ism thus underlining the importance of
maintaining the genetic material.
Among the three mechanisms for
UV-induced DNA damage repair, nu-
cleotide excision repair (NER) is most
widely distributed and can be identified
in all three kingdoms of life. NER is a
complex ATP-dependent repair mech-
Structure 15, October 2007 ª2[Xiao et al., 2007] as illustrated in Fig-
ure 1D).
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